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Abstract 
Hydrogen peroxide and fetal bovine serum stimulate DNA synthesis in growth-arrested smooth muscle cells with remarkably similar 
kinetics and cell density dependence. However, while stimulation with fetal bovine serum results in cell proliferation, that by H202 is 
followed by cell death. Depletion of conventional and novel protein kinase C isoforms, resulting from a long treatment with 
phorbol-12-myristate-13-acetate, fur her increases H202-induced DNA synthesis. On the other hand, the specific protein kinase C 
inhibitor calphostin C abolished the increased DNA synthesis promoted by fetal bovine serum or H 202. H 202 increases protein kinase C 
activity in smooth muscle cells. This effect is markedly reduced, but not abolished, by down-regulation f the a, 6 and ~ protein kinase 
C isoforms. Thus, the ~" isoform of protein kinase C, which is not down-regulated, may be responsible for the residual H202 stimulation 
of protein kinase C. In conclusion, the results obtained show that H20 ~ stimulates protein kinase C activity and DNA synthesis in 
growth-arrested smooth muscle cells: these events are not followed by cell proliferation but rather by cell death. This H202 stimulated 
DNA synthesis appears to be negatively controlled by a, 8 and e isoforms and positively controlled by the ~" isoform of protein kinase 
C. 
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1. Introduction 
Smooth muscle cell proliferation is a critical event in 
the development of atherosclerosis [1,2] and hypertension 
[3,4]. In vivo, smooth muscle cells are in a slowly prolifer- 
ating state but their growth can be triggered by a number 
of factors including platelet-derived growth factor, epider- 
mal growth factor and endothelin [5-10] that may be 
released by neighbouring cells (paracrine secretion) or by 
themselves (autocrine secretion). 
Oxidants can be considered early growth signals, since 
they have been shown to activate a number of pathways 
that are also stimulated by growth factors [11]. For exam- 
Abbreviations: FBS, fetal bovine serum; SMC, smooth muscle cells; 
BSA, bovine serum albumin; NF-KB, nuclear factor KB; AP-1, activator 
protein-l; PKC, protein kinase C; PMA, phorbol-12-myristate-13-acetate. 
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pie, it has been reported that oxidants enhance the activity 
of protein kinase C [12-14] and that of the transcriptional 
activator proteins NF-K B and AP-1 [ 15]. Oxidants can also 
induce transcription of enzymes, such as omithine decar- 
boxylase [16] and the phosphatase CL-100 [17] and of 
proto-oncogenes [18-21]. Hydrogen peroxide has been 
shown to induce all these activities although it was found 
to be a weak inducer of AP-1 [22]. Recent reports have 
also shown that hydrogen peroxide stimulates mooth mus- 
cle cell protein kinase C (PKC) activity [12,14,22] and 
DNA synthesis [18,22], although it was not established 
whether these two events were causally related. Protein 
kinase C is a multigene family [23,24] of structurally 
related proteins which can be divided into three major 
groups: the conventional PKCs (cPKC a,  /31, /32, y), the 
novel PKCs (nPKC 6, e, 77, 0), and the atypical PKCs 
(aPKC 5, ~, ix and A). 
In the present study we investigated the effects of 
hydrogen peroxide on PKC activity and DNA synthesis in 
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the smooth muscle cell line: A7r5. We report hat treatment 
of growth-arrested smooth muscle cells with H202 or fetal 
bovine serum (FBS) produces apparently similar effects. 
Both treatments stimulate DNA synthesis with comparable 
kinetics and cell density dependence. DNA synthesis 
elicited by either stimulant is inhibited by the specific 
protein kinase C inhibitor calphostin C. The involvement 
of protein kinase C in the control of HzOz-induced DNA 
synthesis is however complex. The PKC isoforms which 
can be down-regulated exert a negative control, whereas 
those which cannot be down-regulated xert a positive one. 
Stimulation of DNA synthesis, however, is accompanied 
by cell proliferation only in cells treated with FBS, while 
cell death results in those treated with H202. 
2. Materials and methods 
Materials. Hydrogen peroxide was purchased as a 30% 
solution from J.T. Baker Chemicals (Deventer, Holland). 
Phorbol 12-myristate 13-acetate, streptolysin-O (25000 
units) and most reagent grade biochemicals were from 
Sigma Chemicals (St. Louis, MO, USA). Calphostin C was 
obtained from LC Laboratories (Woburn, USA). 
[ y 32 P]ATP (3000 or 30 Ci/mmol), [methyl- 3H]thymidine 
and enhanced chemiluminescence W stern blotting analy- 
sis system (ECL) were purchased from Amersham Interna- 
tional. The peptide PLSRTLSVAAKK used as a substrate 
for the protein kinase C assay was synthesised by Dr. 
Servis, Epalinges (Switzerland) and has been shown to be 
very specific for assaying protein kinase C in permeabi- 
lized cells [25]. A7r5 rat aortic smooth muscle cells (SMC) 
were obtained from the Araerican Type Culture Collection. 
Dulbecco's modified Eagle medium (DMEM), minimal 
essential medium (MEM), foetal bovine serum (FBS), 
antibiotics, trypsin and polyclonal antibodies against the 
protein kinase isoforms (c~, 6, e, ~') were from Gibco, 
(Grand Island, NY, USA). Tissue culture materials were 
purchased from Falcon Labware (Becton Dickinson and 
Co.). 
Cells and cell culture conditions. Smooth muscle cells 
(clone A7r5) were grown Jn DMEM supplemented with 25 
mM sodium bicarbonate, 60 U/ml  penicillin, 60 /xg/ml 
streptomycin and 10% FBS in a humidified atmosphere 
containing 5% CO 2 in air, at 37°C. Media and sera used in 
all the experiments were from the same batch number and 
source. Cells between passage 12 and 15 were utilized 
throughout he course of this study. Cells were made 
quiescent by a 48-h incubation in DMEM containing 0.2% 
FBS. 
DNA synthesis. Quiescent A7r5 cells were incubated in 
serum-free MEM medium and treated as detailed in the 
text. After 7 h, [3H]thymidine was added to the cultures (1 
/xCi/well) for one additional hour of incubation. Cell 
monolayers were then washed twice with phosphate- 
buffered saline (NaC1/Pi: 8 g/1 NaCI, i.15 g / l  NazHPO 4, 
0.20 g/1 KH2PO 4, 0.20 g/ l  KC1 supplemented with 10 
mg/ml glucose and 1 mg/ml BSA) and the DNA was 
precipitated with 5% trichloroacetic a id (TCA, 20 min at 
ice bath temperature). After accurate rinsing with ice-cold 
absolute ethanol, cells were solubilized (30-60 min at 
37°C) in 0.1 M NaOH/2% Na2CO3/1% sodium dodecyl- 
sulfate (SDS) and then processed for scintillation counting. 
Cell proliferation. Cells were treated as detailed in the 
text and were counted after 24 h with a haemocytometer 
using Trypan blue as dye. Viability was measured by the 
MTT method [26] and membrane damage by the lactate 
dehydrogenase (LDH) leakage [27]. 
Immunoblot analysis. Cells were harvested at 4°C in an 
homogenization buffer containing 20 mM Tris-HC1 (pH 
7.5) 1 mM DTT, 5 mM EDTA, 10 mM EGTA, 10% 
glycerol, 0.25 M sucrose, 10 mg/ l  phenylmethylsulfonyl- 
fluoride, 1 mg/ l  E-64 and 5 mg/1 chymostatin, leupeptin, 
antipain and pepstatin. Samples (25 mg/lane) were re- 
solved by SDS/8% polyacrylamide gel electrophoresis 
and transferred topoly(vinilidene difluoride) transfer mem- 
branes (Du Pont, NEN Research Products). Blots were 
saturated with 5% non-fat dry milk in Tris-buffered saline 
(TBS) for 1 h at room temperature and incubated overnight 
with rabbit anti-protein kinase C-isoform specific antibod- 
ies (3 mg/ml) in TBS-containing 1% non-fat dry milk. 
Blots were developed using the ECL detection system for 
Western blotting (Amersham International) 
Protein kinase C assay. Cells treated as indicated in the 
text were trypsinized and washed twice with NaC1/P i, 
resuspended in buffer A (5.2 mM MgCi 2, 94 mM KC1, 
12.5 mM Hepes, 12.5 mM EGTA, 8.2 mM CaCI 2, pH 7.4) 
and divided into 220-~1 portions containing approx. 1.5 × 
105 cells). After addition of the peptide substrate (100 
/xM) and streptolysin-O (0.3 IU), the reaction was started 
by adding radiolabeled and cold ATP (9 cpm/pmol, final 
concentration 250 /zM). Following a 10 min incubation at 
37°C, the reaction was stopped with 100 /zl of 25% TCA 
in 2 M acetic acid and the samples were kept on ice for an 
additional 10 min. 100 /xl aliquots were spotted onto P81 
ion exchange chromatographic paper (Whatman Interna- 
tional) which was then washed twice with a solution 
containing 30% acetic acid and 1% phosphoric acid (10 
min each) and once with ethanol (5 min). The filters were 
dried and processed for scintillation counting. The back- 
ground phosphorylation obtained in the absence of the 
substrate peptide was subtracted from all the samples. 
3. Results 
3.1. Hydrogen peroxide stimulates DNA synthesis but not 
proliferation of  A7r5 smooth muscle cells 
Quiescent A7r5 cells were treated with 100 /zM H202 
and the rate of DNA synthesis was estimated after various 
time intervals by measuring the incorporation of 
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Fig. 1. The effect of hydrogen peroxide on DNA synthesis in growth-arrested A7r5 cells. A: Cells were either treated with 100 /zM H202 in serum-free 
minimum essential medium (open triangles) or stimulated with 10% FBS (closed squares). At the indicated time points the rate of DNA synthesis was 
measured as detailed in Section 2. Cells were pulsed for 1 h with [3H]thymidine before the end of each time point. Experimental values are from a single 
representative experiment out of three experiments with similar results. B: Cells were treated with increasing concentrations of H202 in serum-free 
minimum essential medium and analyzed after 8 h for their DNA synthesis rate, as described above. Each point represents he mean + S.E.M. of 3-5 
separate xperiments, each performed in duplicate. C: Cells were seeded at increasing cell densities and exposed after starvation to 100 /xM H202 in 
serum-free minimum essential medium (open triangles) or stimulated with 10% FBS (closed squares). After 8 h the DNA synthesis rate was analyzed as 
described above. Experimental values are from a single representative experiment out of three experiments with similar results. 
[3H]thymidine (1 h pulse) into DNA. For comparison, 
parallel cultures were stimulated with FBS and processed 
as those which received H202. As shown in Fig. 1A, 
treatment with the oxidant stimulated [3H]thymidine incor- 
poration in DNA and the kinetics describing this process 
are similar to those observed in FBS-stimulated cells. 
Indeed, maximal [3H]thymidine incorporation was ob- 
served after 8 h under both experimental conditions. In- 
creasing the concentration of the oxidant resulted in a 
progressive increase in thymidine incorporation (measured 
at the 8-h time point) (Fig. 1B). The results illustrated in 
Fig. 1C show the effect of 100 /zM H202 on [3H]thymi- 
dine incorporation as a function of cell density. Experi- 
mental conditions were identical to those of Fig. lB. 
The stimulatory effect of the oxidant appeared to be cell 
density-dependent, with a higher response being observed 
at 5 -9  × 105 cells/well corresponding to about 5-9 × 10 3 
cel ls/cm 2. FBS-dependent thymidine incorporation 
showed a similar cell density dependence (Fig. 1C). For 
this reason a cellular density of approx. 6 -7× 10 3 
cells/cm 2 was utilized throughout he course of this study, 
including the experiments illustrated in Fig. 1A and B. 
Taken together, the above results suggest hat hydrogen 
peroxide in a serum-free medium without addition of other 
growth factors elicits DNA synthesis in A7r5 smooth 
muscle cells. 
In order to establish whether the hydrogen peroxide 
effect on DNA synthesis was followed by cell cycle 
progression and cell division, quiescent A7r5 cells were 
supplemented with either 10% FBS or H202 and counted 
after 24 h. The cell number increased (approx. 40%) in 
FBS-treated cells (not shown) and decreased, as a conse- 
quence of cell death and detachment, in those receiving 
hydrogen peroxide at concentrations higher than 50 /zM 
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Fig. 2. Effect of hydrogen peroxide on ATr5 cell growth and viability. Growth-arrested ATr5 cells were treated with increasing concentrations of hydrogen 
peroxide. After 24 h the cell number was estimated with a hemocytometer (A) or analyzed for viability by the MTT assay (B) or LDH release assay (C). 
Values represent means + S.E.M. of duplicate cultures from either three or four separate xperiments. 
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(Fig. 2A). The cytotoxic response to H202 appeared even 
more pronounced when cell viability was measured by the 
MTT (Fig. 2B) or LDH release (Fig. 2C) assays. Interest- 
ingly, the cytotoxicity of hydrogen peroxide, as measured 
by the MTI" assay, was an inverse function of cellular 
density. Indeed, treatment with 50 p.M H202 reduced the 
cell viability by 92%, 72%, 46% or 5%, in cultures with 
26, 52, 96 or 182 × l03 cells/dish, respectively. 
Thus, although H202 evoked a significant stimulation 
of DNA synthesis under the above experimental condi- 
tions, it did not allow growth-arrested smooth muscle cells 
to proliferate; rather, the enhanced rate of DNA synthesis 
observed at the highest H:zO 2 concentrations was accom- 
panied by cell death. 
3.2. Hydrogen peroxide stimulates protein kinase C actiu- 
it?; in smooth muscle cells 
The effect of hydrogen peroxide on the PKC activity of 
growth-arrested A7r5 cells was also investigated. The re- 
sults illustrated in Fig. 3B indicate that a 1-h exposure to 
the oxidant produced a linear increase in the phosphoryla- 
tion rate of a PKC-specific peptide substrate at concentra- 
tions between 10-100 /xM H202, after which a plateau 
was reached. To further confirm that PKC was the kinase 
responsible for the observed phosphorylation, the effect of 
H202 was investigated both in the presence of calphostin 
C, a potent and specific PKC inhibitor which interacts with 
the regulatory domain of PKC [28] and following PKC 
depletion by a pre-treatment with 1 /xM PMA for 24 h. 
For comparison the effect of PMA (100 nM) on PKC was 
investigated under the same experimental conditions. As 
shown in Fig. 3C, calphostin C inhibited the PKC activity 
stimulated by H202 or by PMA in a concentration-depen- 
dent fashion. PKC down-regulation abolished the substrate 
phosphorylation evoked by PMA, although a residual PKC 
activity was detected in H202-treated cells (Fig. 3D). This 
residual PKC activity was inhibited by calphostin C (not 
shown). The extent and the specificity of PKC down-regu- 
lation was confirmed by Western blot analyses that have 
shown the disappearance of the a, ~ and e isoforms (Fig. 
3A). It should be noted that A7r5 cells do not express 
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Fig. 3. Effect of hydrogen peroxide on PKC activity in growth-arrested A7r5 cells. A: lmmunodetection f ct, (5, e and ff PKC isoforms in control (A) 
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2. Values are from a single experiment representative of three experiments with similar results. C: Cells were exposed for 60 rain to 150/xM H20:  (open 
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cells were identical. Values are from a single representative experiment out of three experiments with similar results. 
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PKC-fl [22], but do express the ( isoform and that the 
latter is not down-regulated by extended exposure to phor- 
bol esters (Fig. 3A). The residual protein kinase C activity 
after down-regulation a d its stimulation by H202 may be 
related to this isoform. 
Taken together, these results show that hydrogen perox- 
ide in a serum-free medium, in the absence of added 
growth factors can activate the a, 8 and e PKC isoforms 
and also the atypical ( isoform in A7r5 smooth muscle 
cells. 
3.3. Relationship between PKC activity and DNA synthesis 
in growth-arrested A7r5 cells treated with hydrogen perox- 
ide 
The next series of experiments were performed to as- 
sess whether the observed effects of hydrogen peroxide on 
DNA synthesis were mediated by PKC. For this purpose, 
the H202-induced thymidine incorporation was measured 
in the presence of calphostin C or following PKC down- 
regulation. 
The results reported in Fig. 4A show that calphostin C
prevented both the H202- and FBS-induced DNA synthe- 
sis at a concentration (125 nM) previously found to inhibit 
PKC activity (Fig. 3C). However, as shown in Fig. 4B, 
hydrogen peroxide-induced DNA synthesis was not inhib- 
ited by prolonged exposure to phorbol ester, but rather was 
significantly increased. Similar results were obtained using 
FBS as a stimulant (Fig. 4B, inset). 
PKC down-regulation was achieved by incubating the 
cells for 24 h with 1 /zM PMA, a condition that, as 
discussed above, depleted the a, 3 and e isoforms but did 
not affect the ~" protein kinase C isoform. 
4. Discussion 
Previous reports from this [22] and other laboratories 
[18] have indicated that micromolar levels of hydrogen 
peroxide induce a significant increase in [3H]thymidine 
incorporation in cultured smooth muscle cells, an event 
which has been taken as an index of increased DNA 
synthesis. This interpretation is based on the observation 
that unscheduled DNA synthesis can only be observed 
following a challenge with millimolar concentrations of
the oxidant [29]. The results presented in this paper pro- 
vide two lines of evidence in support of the notions that (a) 
hydrogen peroxide stimulates mooth muscle cell DNA 
synthesis, and (b) the effect of the oxidant strikingly 
resembles that of FBS. Firstly, maximal stimulation of 
thymidine incorporation following exposure to either H 202 
or FBS was achieved at cellular densities ranging from 5 
to 9 × 10 3 cells/cm 2, and a reduced response was ob- 
served at lower or higher cell densities (Fig. IC). This 
observation is not consistent with the possibility that 
thymidine incorporation is dependent on unscheduled DNA 
synthesis, since an inverse relationship would have been 
expected between the extent of this response and cell 
density, as has been shown for cytotoxicity (see data 
presented in Section 3) and reported in a number of studies 
[30,31]. Secondly, the similarity in the kinetics of thymi- 
dine incorporation obtained with H202 and FBS (Fig. IA) 
suggest hat the event triggered by the oxidant is DNA 
replication and not repair. 
The absence of growth factors seems to be a conditio 
sine qua non for the H202 stimulation of DNA synthesis, 
since H202 acts as an inhibitor of thymidine incorporation 
in the presence of FBS [32]. 
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Fig. 4. The effect of PKC inhibition or down-regulation hydrogen peroxide-induced DNA synthesis in growth-arrested A7r5 cells. A: Cells were treated 
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Specific DNA lesions are known to be responsible for 
inhibiting DNA synthesis, and it has been suggested that 
ionizing radiation-produced DNA single strand breaks 
cause severe inhibition of replicon initiation [33]. In spite 
of a number of differences between ionizing radiation and 
hydrogen peroxide, H20::, induces DNA single strand 
breaks (even more efficiently than ionizing radiation) [34] 
thus causing DNA synthesis inhibition in asynchronously 
growing cells [32]. For what reason H202 in growth-arre- 
sted cells stimulates DNA synthesis, despite the accumula- 
tion of DNA single strand breaks, is currently being inves- 
tigated. 
Stimulation of DNA synthesis i  the result of a complex 
series of events involving the activation of signal transduc- 
tion pathways and the expression of specific genes. DNA 
synthesis i  triggered by a number of mitogens and growth 
factors and is commonly taken as an index of cell prolifer- 
ation. The results obtained in this study demonstrate hat 
such an association does not exist in growth-arrested A7r5 
cells treated with H202. In these cells, HeO 2 treatment 
failed to induce DNA synthesis and cell proliferation but 
was rather associated with DNA synthesis and cell death 
(Fig. 2A-C). 
These results are in apparent contrast with the common 
opinion that reactive oxygen species might, under specific 
circumstances, induce a mitogenic response. Previous re- 
ports have in fact demonstrated that hydrogen peroxide 
activates early response genes [18-21] and increases DNA 
synthesis in growth-arrested cells [18,22]. This paper has 
shown that DNA synthesis in cells exposed to reactive 
oxygen species cannot be safely taken as an index of cell 
proliferation and therefore one must ask whether or not the 
above effects were actually resulting in cell growth. To our 
knowledge, only Rao et al. [18] have reported that the 
stimulatory effect of hydrogen peroxide on DNA synthesis 
and early gene expression was associated with an in- 
creased cell proliferation rate. Thus, whether or not hydro- 
gen peroxide alone can lead growth-arrested cells to mito- 
sis is not fully established. 
We have also shown that hydrogen peroxide fficiently 
stimulates mooth muscle cell phosphorylation f a spe- 
cific protein kinase C peptide substrate (Fig. 3B), thus 
confirming experimental results previously obtained in this 
[22] and other laboratories [9,14]. This effect was abol- 
ished by the selective PKC inhibitor calphostin C (Fig. 3C) 
and was markedly reduced in down-regulated cells (Fig. 
3D). These observations, taken together with the fact that 
the substrate xhibits PKC selectivity, suggest hat the 
H202-induced phosphorylation reflects an enhanced PKC 
activity. Thus, hydrogen peroxide can bypass the normal 
transmembrane signalling :systems to directly activate PKC. 
We recently showed [22] and have confirmed in this study 
(Fig. 3A), that A7r5 cells contain the ce, 6, e and ff PKC 
isoforms and that the first three isoforms, unlike the latter, 
can be down-regulated by prolonged exposure to phorbol 
esters. The existence of a portion of PKC resistant o 
down-regulation and stimulated by H202 suggests that 
H202 also activates PKC isoforms that cannot be down- 
regulated such as the PKC ~" isoform. Although no direct 
measurements were done using the isolated enzyme, it has 
been shown that cellular events mediated by the PKC-ff 
isoform were inhibited by calphostin C [35-37]. 
Hydrogen peroxide-induced PKC activity has an impor- 
tant role in regulating activation of the DNA synthesis 
machinery. DNA synthesis i  enhanced under conditions of 
down-regulation f a, 6, and e PKC (Fig. 4B), suggest- 
ing a negative control by these PKC isoforms. The stimula- 
tion of DNA synthesis by HEO 2 when only the ~" PKC 
isoform is present suggests a positive regulation by this 
isoform. This is confirmed by the inhibition by calphostin 
C of the residual PKC activity (not shown) as well as 
DNA synthesis. 
The results presented in this paper suggest hat one or 
more PKC isoforms, which can be eliminated by pro- 
longed PMA treatment, prevent he progression from the 
Go through the S phase of H202- or FBS-treated A7r5 
cells. Recent findings from Sasaguri et al. [38] have also 
demonstrated that PKC c~ and ~ mediate G1-S inhibition 
in FBS-stimulated vascular smooth muscle cells. Although 
no direct evidence is available showing whether the ~" 
isoform is inhibited by calphostin C, the fact that this 
isoform cannot be down-regulated by prolonged exposure 
to PMA and that the residual activity is calphostin C-sensi- 
tive, makes it the most likely candidate in mediating 
HeO2-induced DNA synthesis. At the present stage, how- 
ever, we cannot exclude the possibility that other isoform(s) 
which have not as yet been identified are responsible 
for/or contribute to this effect. 
In conclusion, the effects of hydrogen peroxide in 
growth-arrested smooth muscle cells strikingly resemble 
those elicited by serum. This inference finds support in the 
remarkable similarities observed following the addition of 
H202 or FBS in (a) the kinetics of induction of DNA 
synthesis, (b) the cell density-dependent regulation of this 
response and (c) the negative or positive regulation of 
DNA synthesis by PKC isoforms. Stimulation of DNA 
synthesis, however, is accompanied by cell proliferation i  
cells receiving FBS and by cell death in those cells treated 
with the oxidant. Thus, although hydrogen peroxide can 
replace competent factors for promoting Go/G l transition 
and entrance into the S phase, additional events prevent 
cell replication and induce cell death. It remains to be 
established whether activation of PKC and DNA synthesis 
are epiphenomena or part of a program taking place in the 
course of oxidative injury and ultimately leading to cell 
death. 
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